Background-Exercise testing is useful in the assessment of symptomatic patients for diagnosis of significant or extensive coronary disease and to predict their future risk of cardiac events. The Duke treadmill score (DTS) is a composite index that was designed to provide survival estimates based on results from the exercise test, including ST-segment depression, chest pain, and exercise duration. However, its usefulness for providing diagnostic estimates has yet to be determined. Methods and Results-A logistic regression model was used to predict significant (Ն75% stenosis) and severe (3-vessel or left main) coronary artery disease, and a Cox regression analysis was used to predict cardiac survival. After adjustment for baseline clinical risk, the DTS was effectively diagnostic for significant (PϽ0.0001) and severe (PϽ0.0001) coronary artery disease. For low-risk patients (score Նϩ5), 60% had no coronary stenosis Ն75% and 16% had single-vessel Ն75% stenosis. By comparison, 74% of high-risk patients (score ϽϪ11) had 3-vessel or left main coronary disease. Five-year mortality was 3%, 10%, and 35% for low-, moderate-, and high-risk DTS groups (PϽ0.0001).
T he exercise treadmill is used in the evaluation of symptomatic patients to predict the presence and extent of coronary artery disease and the short-and long-term prognosis. [1] [2] [3] [4] [5] [6] [7] Although a large number of noninvasive stress testing modalities are currently available, the exercise ECG is still used as a standard for comparison with other clinical and testing risk markers. It is also the least costly of all provocative noninvasive tests.
The limited sensitivity and specificity of standard exercise ECG testing for detection of coronary artery disease have stimulated increased use and development of noninvasive stress imaging technologies. 8 However, the added diagnostic accuracy of stress imaging tests is associated with substantially higher cost. An alternative to the use of more expensive tests is the more efficient use of available low-cost data. Diagnostic and prognostic predictive accuracy increase when multiple pieces of information from the patient's clinical history and the treadmill test are integrated. 9, 10 Combining clinical and test information thus provides an opportunity to make efficient use of key predictors at each stage of an intervention or risk assessment at substantial cost savings.
In 1987, Mark and colleagues 2 described a prognostic exercise treadmill score that was based on the duration of exercise, ST-segment deviation (depression or elevation), and the presence and severity of angina during exercise. This treadmill score has been shown to stratify prognosis accurately for both inpatient and outpatient ischemic heart disease populations. 1, 2 The purpose of this report is to examine the diagnostic accuracy of the Duke prognostic treadmill score and to examine the incremental value of treadmill test information beyond clinical data. To date, no composite stress-test score or noninvasive risk index has been shown to provide both accurate diagnostic and prognostic risk estimates.
Methods

Patient Population: Original and Validation Patients
Our original sample consisted of 2758 symptomatic patients who underwent exercise treadmill testing followed by cardiac catheterization at Duke University Medical Center from 1969 through 1980; this population has been reported previously. 2 A subsequent sample of 467 patients who underwent exercise treadmill testing and cardiac catheterization from 1984 through 1990 were used as the validation patients. Patients were included if their cardiac catheterization was performed Յ90 days from their exercise test and were excluded if they were asymptomatic or had significant valvular or congenital heart disease, recent myocardial infarction, a prior revascularization procedure, an uninterpretable exercise ECG, or percutaneous or coronary surgery intervention Յ3 months from the exercise test.
Clinical, Catheterization, and Follow-Up Data
Our methods for collecting pretest demographic and clinical data have been described. 1, 2 Follow-up information was obtained by clinic visit, mailed questionnaire, or telephone interview at 6 months, 1 year, and then yearly thereafter. The reasons for death were classified as cardiac versus noncardiac by a review committee unaware of the patient's clinical or exercise test data.
Exercise Treadmill Testing
All patients underwent symptom-limited exercise testing according to the standard Bruce protocol. Resting heart rate, blood pressure, and 12-lead ECGs were recorded in the supine and upright positions before exercise. During each minute of exercise, heart rate and blood pressure measurements as well as a 12-lead ECG were recorded. Exercise testing was discontinued if exertional hypotension, malignant ventricular arrhythmias, marked ST depression (Ն3 mm), or limiting chest pain was reported. An abnormal exercise ST response was defined as Ն1 mm of horizontal or downsloping ST depression (J pointϩ80 ms) or Ն1 mm of ST-segment elevation in leads without pathological Q waves (excluding AVR lead). Exercise-induced ST-segment deviation was coded to the nearest 0.25 mm for horizontal and downsloping ST-segment depression and ST-segment elevation in a non-Q-wave lead.
Duke Treadmill Score
The equation for calculating the Duke treadmill score (DTS) is DTSϭexercise timeϪ(5ϫST deviation)Ϫ(4ϫexercise angina), with 0ϭnone, 1ϭnonlimiting, and 2ϭexercise-limiting.
The score typically ranges from Ϫ25 to ϩ15. These values correspond to low-risk (with a score of Նϩ5), moderate-risk (with scores ranging from Ϫ10 to ϩ4), and high-risk (with a score of ՅϪ11) categories. 1, 2 
Data Analysis
Descriptive statistics were generated with percentages for discrete variables and means and SDs for continuous variables. Discrete variables were compared by 2 analyses, continuous variables were compared with the DTS risk groups by the Wilcoxon rank-sum test, and continuous variables were compared by an unpaired t test.
Model End Points
We assessed the utility of the DTS for risk-stratifying 3 different but related outcomes: (1) the presence of significant disease (defined as a Ն75% stenosis in at least 1 major epicardial coronary artery), (2) 
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the presence of severe coronary disease (defined as a 3-vessel coronary disease or Ն75% left main disease), and (3) cardiac survival. For the first 2 outcomes, we used logistic regression analysis. For the survival outcome, we used a Cox proportional hazard regression analysis for assessing individual relations among clinical history and exercise testing variables that assess time to cardiac death. Kaplan-Meier curves were used to compare time to cardiac death among the DTS risk groups. Patients undergoing coronary revascu-larization were included up to the time of their procedure and then censored. A log-rank statistic was used to compare differences in survival.
Model Construction
Regression analyses for each of the above end points were performed in 2 stages. First, all clinical history and physical examination parameters were entered into the model to reflect the pretest probability or what was known about the patient before testing. Separate clinical history and physical examination models for significant and severe coronary disease as well as cardiac mortality have been developed by Pryor et al [11] [12] [13] ; variables are listed in Appendix 1. All significant variables from each of the disease and mortality models were considered and have been described elsewhere. [11] [12] [13] Second, the DTS was added to the model. Finally, a combined model that included the clinical history, physical examination variables, and the DTS were evaluated for each of the above-listed regression models. Nomograms estimating each of the model end points are listed in Appendix 2.
TABLE 2. Frequency of Clinical History, Exercise, Cardiac Catheterization Data, and Cardiac Death by DTS Risk Group for 2758 Medically Treated Coronary Artery Disease Patients From the Original Sample
To assess the incremental value of the exercise test data, for survival, we calculated the difference in the log likelihood ratio 2 statistic from the overall model with and without the DTS. The accuracy of the models for predicting significant and severe coronary disease was assessed by calculating the area under the receiver operating characteristics (ROC) curve for the model predictions. 11, 12 
Results
Study Populations
Of the 2758 original sample patients, 70% were male, the median age was 49 years, 30% had a prior myocardial infarction, and 47% had typical angina pectoris (Table 1) . From the exercise test, mean ST deviation was 0.6 mm, the average exercise duration was 6.7 minutes, and angina occurred during exercise in 50% of patients. Cardiac catheterization revealed significant coronary disease in 61% of patients, whereas 27% of patients had severe coronary disease. Average ejection fraction was 56%. The overall cardiac mortality rate was 8.2%.
The validation sample patients were older, with diabetes, hypertension, and vascular disease occurring more frequently, whereas prior myocardial infarction occurred less often. In the validation sample, 56% had significant coronary disease and 23% had severe coronary disease. The average ejection fraction was higher (59%) in the validation patients than in the original sample (Pϭ0.001). The overall cardiac mortality was 7.0%.
DTS Risk Groups (Table 2)
From the results of the exercise test, 36% and 9% of original sample patients were classified as low and high risk, whereas 55% were classified as moderate risk. High-risk patients were more often older and male, with a greater frequency of cardiac risk factors, typical anginal symptoms, congestive heart failure, and prior myocardial infarction. During the treadmill test, peak heart rate, systolic blood pressure, and exercise time were lower for high-risk than for low-or moderate-risk DTS patients. All of the high-risk patients had Ն1 mm of ST-segment deviation, and 94% had exertional chest pain. Table 3 provides the frequency of significant coronary disease by treadmill test results. Three-vessel or left main disease was present in 37%, 40%, and 53% of patients with exertional chest pain, exercise duration Յ6 minutes, and Ն1 mm of ST-segment deviation, respectively. By comparison, 83% of high-risk DTS 
Frequency of Coronary Disease Subsets
Predicting Significant Coronary Disease
In predicting the presence of Ն1-vessel disease with Ն75% stenosis, the odds of significant coronary disease in the original sample were 3.1-fold (pretest risk-adjusted: 2.0-fold) greater for moderate-than for low-risk DTS patients (Table  4 ). For high-risk DTS patients, the odds of significant coronary disease were 376-fold (risk-adjusted: 97-fold) for high-risk versus low-risk patients. In the validation sample, moderate-and high-risk patients were 4.7 (pretest riskadjusted: 2.4) and 18.1 (pretest risk-adjusted: 8.2) times more likely to have significant coronary disease than low-risk DTS patients.
In predicting significant coronary disease, the treadmill score also added independent predictive information while contributing 8% to 9.6% of the total model information for the original and validation samples (Figure 1, Pϭ0.0001 for both groups). The area under the ROC curves for predicting significant coronary disease was 0.70 for ST deviation alone, 0.76 for the DTS alone, and 0.91 for posttest DTSϩclinical history results (Figure 2A ).
Predicting Severe Coronary Disease
In the original sample, the odds of severe coronary disease were 4.2-fold (pretest risk-adjusted: 2.4-fold) greater for moderate-than for low-risk DTS patients (Table 4 ). For high-risk DTS patients, the odds of extensive disease were 26.4-fold (pretest risk-adjusted: 8.2-fold) for high-risk versus low-risk patients. In the validation sample, the odds of severe disease were 8.1-fold (pretest risk-adjusted: 10.2-fold) and 19.2-fold (pretest risk-adjusted: 17.3-fold) for moderate-and high-risk compared with low-risk DTS patients. When predicting severe coronary disease, the treadmill score also added independent predictive information, contributing 19.1% to 36.3% of the total model information (Pϭ0.0001, Figure 1 ). When predicting severe coronary disease, the area under the ROC curve was highest for posttest DTS results at 0.85 (compared with 0.72 for ST-segment depression alone, Pϭ0.0001).
Predicting Survival
Five-year cardiac death rates in the original sample were high for patients with ST-segment depression Ն1 mm (19%), exertional chest pain (12%), and exercise duration Յ6 minutes (13%) (Table 3, Figure 3) . For low-, moderate-, and high-risk DTS patients, cardiac death rates at 5 years were 3%, 10%, and 35%, respectively (PϽ0.0001). A Kaplan-Meier survival curve of the original sample is plotted in Figure 3 for low-, moderate-, and high-risk DTS patients. Compared with low-risk patients, the unadjusted relative risk of cardiac death was 3.0-fold (pretest risk-adjusted: 1.8-fold) and 13.0-fold (pretest risk-adjusted: 4.6-fold) for moderateand high-risk DTS patients. The treadmill score provided 15.4% of independent, prognostic information beyond a patient's clinical history data for predicting survival (PϽ0.0001).
Discussion
The results of the current report reveal that, in addition to providing accurate prognostic estimates, the DTS also provides valuable information about the presence and severity of coronary disease. Furthermore, the DTS adds independent predictive information about these end points to the standard clinical (pretest) assessment.
Using the Treadmill Score to Improve Risk Estimates
If test interpretation and subsequent patient management is based solely on ECG signs of ischemia, then the classification and detection of at-risk patients will be less than that achieved with the DTS. Several previous reports have attempted to correlate the presence of exercise-induced ischemia with the presence and extent of significant coronary lesions. 3,18 -22 When exercise test information is used, the sensitivities of ST-segment depression and ST/heart rate index in detecting severe 3-vessel or left main disease were 75% and 78% in a 2270-patient multicenter registry. 23 In a population of 607 male veterans, maximum ST depression during exercise or recovery was the single greatest discriminator among groups with differing disease severities. 24 Furthermore, for patients with Ն2 mm of ST-segment depression, the sensitivity was 55% and the specificity was 80% for predicting 3-vessel or left main disease. Exercise test indices, similar to the DTS score, have been developed by use of multiple pieces of information from the stress evaluation, including ST depression, chest pain, exercise time, peak systolic blood pressure, and heart rate. 2, 5, 9 Morrow and colleagues 5 developed the VA score within a population of older, male veterans. This index includes the change in systolic blood pressure, peak metabolic equivalents, a history of congestive heart failure or digoxin use, and exercise-induced ST depression. From the VA series, annual mortality was Ͻ2%, 7%, and 15% for low-risk (77% of population), moderate-risk (18% of cohort), and high-risk (6% of patients) VA patients. In general, our experience with the VA score is that it does not risk-stratify lower-risk populations as well as higher-risk patients; this is probably a function of the components of the score, including digoxin use, impaired systolic function, and poor exercise tolerance.
In an analysis of the VA score in our patient series, few patients were classified as high-risk (ie, 3%), and survival differences were not apparent for low-to moderate-risk patients (92% for low-to intermediate-and 84% for high-risk VA scores). With the DTS, prognostic and diagnostic subsets may also be discerned on the basis of information presented in the present and previous series. 1, 2 The DTS contributed from 8% to 36% of the predictive information when predicting significant or severe coronary disease and cardiac mortality. Of the current series, Ͼ80% of high-risk patients had 2-vessel coronary disease with left anterior descending involvement or 3-vessel disease. Of those classified as low risk in our 3225-patient series, most had either no significant (Ն75% stenosis) lesions or single-vessel coronary disease. Similarly, Iskandrian and colleagues 15 reported that Ϸ50% of low-risk treadmill score patients had no or single-vessel coronary disease, whereas 75% of high-risk patients had multivessel disease in a series of 834 patients undergoing myocardial perfusion imaging.
Using Pretest Risk Estimates to Maximize Posttest Predictions
The exercise treadmill test is used for the identification of patients who are at increased risk of significant or severe disease and future coronary events. 14, 15 Within the growth of managed care and capitated reimbursement schemes, management strategies that emphasize expensive stress imaging studies and cardiac catheterization are not likely to be favored in many practice environments. Although the treadmill test should not be considered to replace any imaging modality, if the efficient use of low-cost clinical data and risk stratification with a low-cost stress test are emphasized, evaluation costs may be reduced for many patients. Noninvasive testing has the potential to improve the efficiency of resource use by excluding patients at low risk from further intervention who have minimal disease and few cardiac events. Low-risk patients (36% of the population) have an excellent prognosis and may be risk-stratified by the treadmill test. This patient cohort may be managed safely with watchful waiting as well as symptomatic medical therapy without further testing. High-risk patients should be considered candidates for more aggressive management that may include cardiac catheterization. Of the remaining moderate-risk patients, use of an imaging modality has been proposed to further risk-stratify these patients. 14, 15 Thus, only Ϸ50% of our study population would require a stress imaging study before patient management is decided on. This provides a method for selective use of more expensive imaging or invasive testing.
Study Limitations
Although the study included only select patients who underwent diagnostic cardiac catheterization, several previous reports have validated use of the DTS in noncatheterized patient series and found similar results. 1, 14, 15 Biases also may have been created by early and later referral to revascularization among members of the study population. These referral biases would not affect the diagnostic assessment and would probably make it more difficult to demonstrate a prognostic value of the DTS.
Conclusions
The DTS is useful for risk-stratifying important diagnostic and prognostic patient subsets. The majority of low-risk patients had no coronary disease or single-vessel coronary disease, whereas high-risk treadmill score patients had more extensive or multivessel coronary disease. Although constructed to predict prognosis, the DTS is also able to differentiate relevant coronary artery subsets, both alone and in conjunction with clinical data.
Our study provides a linkage between the DTS and commonly used coronary anatomic risk groups.
